Bulk materials handling systems are extensively used in the mining and minerals industry, where a fairly high incidence of structural failure is experienced, notwithstanding design compliance with appropriate standards. A number of case studies are explored to demonstrate how insufficient controls or protection systems have contributed to structural failures on mobile bulk handling equipment. The importance of design integration across engineering disciplines is highlighted. The revision of ISO 5049-1 (1994) is proposed to provide specific rules and guidelines pertaining to machine protection systems. It is further recommended that the structural design engineer of the original equipment manufacturer (OEM) fulfils a more prominent role during the final acceptance and handover of mobile bulk handling equipment, with specific reference to protection systems. Keywords continuous bulk handling equipment, machine protection system, structural failure, ISO 5049-1 (1994).
Introduction
Unfortunately. a fairly high incidence of structural damage or failure of bulk materials handling systems is experienced in the mining industry (Krige, 2012) , notwithstanding design compliance with appropriate standards. Improved structural safety is in the interest of all employees and also facilitates steady company earnings. Catastrophic failures may cause injuries or fatalities and inevitably cause significant business interruptions since bulk materials mines are usually operated on a continuous basis with scheduled maintenance intervals.
This paper specifically addresses railmounted mobile bulk materials handling (BMH) equipment such as stackers, reclaimers, and ship loaders, and focuses on design shortcomings pertaining to controls, protection systems, and integration across engineering disciplines. ISO 5049-1 (International Organization for Standardization, 1994 ) is internationally recognized and utilized throughout the industry (Krige, 2012) for the design of mobile BMH equipment. Compliance with this standard means that the designer has met the design obligation, notwithstanding that the limitations of the standard are widely recognized (Krige, 2012; Morgan, 2012) . Where equipment damage or failure occurs, potential disputes between the owner and supplier are not easily resolved when the latter can prove that the equipment design met the requirements stipulated in the standard or client specification.
Although highly skilled and experienced design engineers are usually involved in the delivery of mobile BMH equipment, recent failures of machines designed in first-world countries by reputable original equipment manufacturers (OEMs) support claims in the literature that the skills shortage crisis in the engineering industry is yet to be resolved (Hays, 2012; Kaspura, 2011; Gardner, 2011) . Failures cannot always be attributed to designrelated issues only. A wide range of factors may contribute to failures, including material quality, manufacturing, commissioning, abuse, etc. The fast-track nature of most mining projects nevertheless puts pressure on equipment suppliers to provide new designs with a minimum of engineering effort, and this may be exacerbated by the scarcity of design engineering resources. The drive towards more cost-effective designs may result in less conservative designs which leave little tolerance for unexpected loading conditions or possible future upgrades. Furthermore, the lack of a proper systems design approach restricts the extent of integration between protection systems limits and structural or mechanical strength. The risk of failure is often not understood when controls are wilfully over-ridden or have not yet been commissioned.
The aim of this paper is to recommend actions to improve the overall safety of mobile BMH equipment by focusing on aspects specifically related to the design integration and commissioning of protection systems and controls. Three typical case studies have been selected from an assortment of mobile BMH machine failures in order to illustrate the significant impact that inadequate protection systems and lack of design integration across engineering disciplines had on these failures.
Design standards
Standards related to the design of mobile MBH include: (1992) , and AS4324-1 (1995) focus on the design of the steel structures and some mechanical aspects associated with mobile BMH equipment. Although additional parts were initially planned for all of these standards, which would address mechanical, electrical, and other aspects, these were never published. With the exception of DIN 22261, which is not commonly utilized (Schmidt, 2014) , the standards available to the mobile BMH equipment industry are therefore silent on rules and requirements for machine protection systems. By implication, it is therefore left to the equipment supplier to provide protection systems that are deemed adequate to ensure the safety of any equipment supplied.
AS 4324-1 (1995) is currently under revision and it is envisaged that the revised standard will be published in May 2015 (George, 2014) . Additional parts, which will address electrical and controls aspects, are planned for publication within the next two years.
Case studies

Case study 1 -collapse of a portal reclaimer Background
Prior to failure, the machine had been in production use for several months, although commissioning of the collision protection system had not been completed. The general arrangement of a typical portal reclaimer is shown in Figure 1 .
At the time of the collapse, the designed reclamation rate was exceeded by approximately 30%. The stockpile proximity probes appeared to not be working, resulting in unexpectedly high digging forces which led to the failure of major structural connections as shown in Figure 2 .
Key findings from the investigation
The lateral resistance of the machine was insufficient to withstand the forces generated within the structure when excessive digging was experienced. Proximity probes, detecting the stockpile height, are fitted to ensure that the digging depth of rake buckets is maintained within the prescribed limits. These devices did not function properly or had not yet been commissioned, so were switched off, resulting in excessive digging forces (Anon., 2007; Krige, 2012) .
Electric drive motors are equipped with protection relays to limit the electrical current that can be drawn during operation, i.e. the applied system torque can be limited. Industry practice suggests that the overload protection is set to a value of 5-10% above the peak system design load (Bateman, 2013) . The protection study report, compiled subsequent to the failure, indicated that the motor protection relay setting on the reclamation drives was at a default value of 2 instead of 1.05 (Anon., 2007) . Furthermore, the mechanical design for the scraper drive system dictated an installed motor power requirement of 154 kW, which implies that the next size up of 160 kW was specified. During procurement, 185 kW motors were supplied due to the unavailability of the 160 kW motors. This decision was made without consultation with the relevant design engineers. Upon investigation, it was also found that the fluid couplings installed between the drive motors and reducers were rated at service factors such that a reclamation drive torque could be delivered that was only marginally below the maximum electric motor torque. Torque transfer through fluid couplings can be limited according to the design requirement by reducing the percentage oil fill, which is normal practice. The commissioning data revealed that the fluid coupling was overfilled by approximately 15%. Small amounts of oil at high percentage fill levels will lead to a significant increase in torque transfer capacity (Anon., 2007) .
The machine could not withstand the motor starting torque as prescribed for the abnormal digging resistance criteria as outlined in ISO 5049-1 (1994) . Depending on start-up torque control, the motor torque during start-up could exceed twice the operating torque on the motor, depending on the motor type selection, as shown in Figure 3 . (Curves B and C represent a typical conveyor drive selection).
Multidisciplinary design integration -scraper drive system
The lack of proper design integration between mechanical, structural, electrical, and control and instrumentation engineering disciplines was revealed during the investigation (Anon., 2007) . It is essential that the structural design engineer understands the effect and magnitude of forces that could be exerted on machine structures under abnormal conditions. The mechanical, and likewise the electrical, design engineer must understand how the selection and commissioning of equipment such as fluid couplings and electric motors could have an adverse effect on structural design parameters. The importance of interaction between the control and instrumentation and the structural and mechanical designers to ensure that alarm levels and limits are correctly designed and commissioned cannot be overemphasized.
Final acceptance and approval of the machine, and more specifically the validation of protection systems by the OEM's structural design engineer or representative who understands the structural limitations of the equipment, are crucial. This collapse highlighted the importance of understanding the additional risks associated with the production use of a machine that has not been fully commissioned, and where protection systems may be inoperative and stockpile volumes have not yet been fully calibrated. The operation of machines that have not been fully commissioned must be prohibited, regardless of production pressures.
Case study 2 -Collapse of a slewing stacker
Background
The machine was successfully operated for approximately a year before collapsing completely. An incident in which the boom conveyor belt was overloaded preceded the failure event. The failure of a critical tie-beam connection, which is highlighted in Figure 4 , initiated the collapse of the boom and ultimately ruined the entire machine.
The extent of the damage can be seen in Figure 5 .
Key findings from the investigation
Loading conditions were underestimated because an incorrect material bulk density was used in the design. The incorrect commissioning of the speed switch settings associated with the boom belt contributed to the structural overloading of critical tie-beam connections when slippage of the boom belt occurred.
Based on the design requirements of ISO 5049-1 (1994), critical tie-beam connections were overloaded, although the ultimate carrying capacity exceeded the most severe design load combination. The design of these connections is therefore considered to be marginal. The tie-beam connections utilized bolts in double shear in such a way that fastener threads intercepted a shear plane. Furthermore, high-strength electro-galvanized fasteners, which are susceptible to hydrogen embrittlement (Erling, 2009) , were used in this critical tie-beam connection. The topic of corrosion and embrittlement is discussed at length in the American Institute of Steel Construction (AISC) Guide to design criteria for bolted and riveted joints (Kulak et al., Avoiding structural failures on mobile bulk materials handling equipment … it became apparent that the higher the strength of the steel, the more sensitive the material becomes to both stress corrosion and hydrogen stress cracking. The study indicated a high susceptibility of galvanized A490 bolts to hydrogen stress cracking.' It is ultimately concluded that 'galvanized A490 bolts should not be used in structures. The tests did indicate that black A490 bolts can be used without problems from brittle failures in most environments.' (A490 bolts are the direct equivalent of the Class 10.9 bolts used in South Africa). High hydrogen contents were confirmed by the metallurgical examination of the fasteners, while surface cracks were noted at the thread roots of some specimens. Through the application of fracture mechanics, it can be demonstrated that the load carrying capacity of the tie-beam connection fasteners may have been reduced by hydrogen effects to a value far below what would be required to sustain a boom load associated with the luffing operation of an overloaded stacker boom (Schmidt, 2014) . Supervisory control and data acquisition (SCADA) recordings revealed that the boom loading significantly exceeded the intended design parameters prior to the collapse. The alarm set-point to alert a boom overload condition was specified at a level that was too high to prevent structural overload. The machine could therefore be exposed to severe loading conditions without any operator abuse. The probability that operator abuse contributed to the failure could not, however, be ruled out altogether.
The protection systems on the machine were found to be inadequate to ensure that structural loading remained within the intended design parameters. At the time of the collapse, the machine had not been formally handed over to the operations team.
The root cause of the stacker collapse can therefore be summarized as follows.
Design deficiencies contributed to a marginal design of critical connections, which was further exacerbated by defective bolts, adversely affecting the carrying capacity. The absence, malfunctioning, and incorrect commissioning of machine protection systems allowed an overload condition to develop, which led to the catastrophic collapse of the stacker.
Case study 3 -structural damage to a drum reclaimer
Background
Although no failure occurred as such, significant damage was done to the support legs of a drum reclaimer when the control system of one of the long travel drives malfunctioned, resulting in a skewing action that imposed excessive loading which was not considered in the original design. A typical arrangement of the machine is shown in Figure 6 .
Key findings from the investigation
The overall machine control system was originally configured without interlocks between the independent long travel drive systems located on adjacent bogie wheel sets. When the control system for the drives at the one end malfunctioned, the drives on the opposite end continued with the long travelling sequence until the drives tripped on overload as a consequence of the skewing of the machine. Severe local damage and permanent deformation were caused to the boxed plate structural section of the fixed legs. The machine, as shown in Figure 7 , had been in service for decades.
Discussion
Skew control can be achieved by comparing signals from incremental encoders on both sides of the machine (McTurk, 1995) . Skew should occur only if one side of the machine cannot travel for accidental reasons, e.g. an obstacle on the rails, and if this happens a signal must trigger the immediate shutdown of the machine. The control systems associated with the long travel of the machine were not fail-safe. Abnormal loads, not anticipated in the original structural design, were subsequently exerted on major structural members. The equipment was nevertheless operated successfully for many years prior to the skewing incident. Insufficient design integration existed between the OEM's structural, mechanical, electrical, and control and instrumentation engineering disciplines during the detail design phase of the original project. The damage could have been avoided by the incorporation of additional protection instrumentation for negligible additional capital cost. 
Integrated design approach
The lack of interdisciplinary design integration, as discussed in the above case studies, is of concern. This is probably a highly controversial topic which design engineers would generally not want to embark upon. Of course, some BMH equipment OEMs will address this engineering challenge better than others. Unfortunately, the facts presented in the above case studies demonstrate that design engineers often design with an engineering discipline-specific approach, without the required understanding of design details from counterparts representing other engineering disciplines. This may have a direct influence on the overall performance of the equipment. The author acknowledges that discipline-specific specialists are nevertheless required for the successful design of mobile BMH equipment. The appeal is merely for better design integration, which is not based on perception but rather on a thorough understanding of interdependence between engineering disciplines. Although the competitive nature of the mobile BMH industry generally leads to a tendency amongst OEMs not to openly share design content with their client representatives, it would be advantageous to both parties, especially where the client appoints a third-party design auditor. While it is more common for larger corporate clients to have skilled engineering staff assigned to capital projects for the purposes of engineering oversight, smaller enterprises generally rely entirely on the OEMs for the successful delivery of functional mobile BMH equipment as specified in the supply contract. Liaison between the OEM's design engineers and the client's engineering discipline leads is invaluable for ensuring successful project delivery. Furthermore, larger corporate clients often have a number of operations where the same or similar mobile BMH equipment may be utilized in ways other than was envisaged under the supply contract. The input from operational personnel, who are responsible for the daily operation and general maintenance of existing equipment, must not be underestimated, but the ability of such individuals to influence new designs remains largely dependent on their skill and experience.
A typical integrated design team organization structure that is conducive to a high level of design integration with a systems design approach is depicted in Figure 8 . The following aspects characterize such a team structure:
® Within the OEM's design team organizational structure, there is a free flow of information directly related to design interfaces between engineering disciplines without interference in discipline-specific matters ® Design interfaces are approached as an integrated system with input from relevant role-players as a team effort across engineering disciplines ® The respective engineering disciplines have a sound understanding of how equipment selection and systems dictated by engineering counterparts influence their individual designs ® The client owner's team participates in the design scope definition and design risk assessment with specific reference to machine protection and controls. Engineering input, oversight, liaison, and progressive review are provided by relevant representation from the client ® Specific design requirements are agreed between the OEM and client owner's team within the agreed contractual arrangement ® There is a free flow of information between the discipline-specific engineers from the owner's team and their OEM counterparts responsible for the design, without compromising the latter party's intellectual property rights.
Although it is expected that most OEMs will embrace and advocate the integrated model, case studies unfortunately suggest that a low level of design integration is often encountered within the industry.
Conclusion
The brief case studies as discussed have highlighted past incidents where incorrect commissioning or inadequate protection systems and controls contributed significantly to the collapse or severe damage of mobile BMH equipment. Deficient protection systems can often be linked back to the Avoiding structural failures on mobile bulk materials handling equipment lack of design integration across engineering disciplines.
Although the end-user may be inclined to assume that a high level of interdisciplinary engineering integration is exercised, the studies demonstrate that this is not necessarily the case, which subsequently necessitates that the matter receives greater focus during current and future machine designs.
While a design standard can never be a substitute for a pragmatic design approach, the only international design standard available for the design of mobile bulk handling equipment, ISO 5049-1 (1994), does not address rules pertaining to machine protection systems. The case studies discussed demonstrate the industry's need for an updated standard to facilitate safe BMH designs in this regard.
A design team organization structure is proposed to facilitate an integrated systems design approach.
Recommendations
A technical committee should be appointed to review the ISO 5049-1 (1994) standard to include rules and guidelines regarding machine protection systems. Consideration should be given to the revisions envisaged to the AS 4324-1 (1995) standard facilitated by the Australian Standards Committee ME43 in this regard. Although this paper focuses on machine protection systems, there is an opportunity to consider the use of alternative lightweight and compound construction materials, as well as new rope technology for tie systems, while revising the ISO 5049-1 (1994) standard. It is furthermore recommended that guidelines are provided for designers who wish to follow a limit-state design approach, since there are a number of reputable OEMs in the mobile BMH industry who do not follow allowable stress principles.
It is recommended that the structural design engineer be closely involved with the verification of alarms and set-points associated with machine protection systems, in conjunction with other specialists responsible for the design and commissioning thereof, to make absolutely certain that these systems and controls comply with the design intent before final handover.
A high level of interdisciplinary design integration must be pursued with specific reference to machine protection systems and controls. A risk-based design approach should be mandatory.
